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INTRODUCTION 

The power i n d u s t r y  i n  many c o u n t r i e s  i s  now f a c i n g  a problem: how t o  achieve 
t h e  i n e v i t a b l e  s h i f t  from o i l  and n a t u r a l  gas t o  coa l  and low-grade coa ls  
while  remaining i n  compliance with the  r e g u l a t o r y  l i m i t s  on emissions. 
Fluidized-bed combustion (FBC) h a s  demonstrated i ts  p o t e n t i a l  t o  s o l v e  t h i s  
problem, because i t  has  t h e  advantages of  a d a p t a b i l i t y  t o  low-grade c o a l s  and 
f e a s i b i l i t y  f o r  s u l f u r  emissions c o n t r o l .  Due t o  FBC's r e l a t i v e l y  low com- 
bust ion temperatures ,  NOx emissions from a f l u i d i z e d  bed a r e  lower than those  
from convent ional  furnaces .  

A s  a new technology i t  is n a t u r a l  t h a t  t h e r e  a r e  many technica l  problems t o  be 
inves t iga ted  and d i f f i c u l t i e s  t o  be overcome i n  t h e  development of  
f luidized-bed b o i l e r s  (FBB). 

Since 1971, Dong-fang B o i l e r  Works (DBW) has c a r r i e d  out developmental work i n  
FBB i n  the  fol lowing a r e a s :  

o Combustion e f f i c i e a c y .  

o Arrangement of  f loidized-bed hea t ing  sur faces .  

o Immersed superhea ter .  

0 Eros ion  of immersed tubes.  

o S ta r t -up  of f l u i d i z e d  bed. 

A 463 x 324 mm FBC t e s t  u n i t  was b u i l t  to  i n v e s t i g a t e  methods of  improving 
the combustion e f f i c i e n c y  of the  FBB. Later ,  a 24 t / h  s t o k e r - f i r e d  b o i l e r  
was converted i n t o  an FBB by DBW. It has now been s u c c e s s f u l l y  operated f o r  
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more than 3 years ,  s i n c e  1977. 
f a c t o r y  to  the user .  
b o i l e r .  

The performance of t h e  u n i t  has  been satis- 
Figure 1 shows the  genera l  arrangement of t h i s  modified 

Its major parameters a r e  a s  fol lows:  

Steam capac i ty  24 t / h  2 

Steam pressure  32 kg/cm 
Superheated steam 

temperature 45OEC 
Feed water temperature 150 C 
Gas temperature a t  

Designed f u e l  Bituminous coa l  
b o i l e r  e x i t  20o0c 

Natural c i r c u l a t i o n  was adopted f o r  the  immersed evapora t ing  sur face .  
da te  no problem i n  water  c i r c u l a t i o n  has occurred. An experimental  immersed 
superheater  was placed i n  the  bed and i ts  behavior observed. For d i s t r i b u -  
t i o n  of combustion a i r ,  a r e f r a c t o r y  covered bubble cap p l a t e  was i n s t a l l e d .  
I n  order  t o  f a c i l i t a t e  bed s t a r t - u p  and load changes, t h e  windbox was divided 
i n t o  four  s e p a r a t e  compartments. Because bituminous c o a l  was t o  be used,  no 
carbon recycl ing was considered;  thus  the u n c e r t a i n t y  of  a recyc le  system was 
avoided. The once-through combustion e f f i c i e n c y  ( i . e . ,  wi thout  reburning of  
e l u t r i a t e d  f i n e s )  was measured as 94.8 t o  95.5 percent .  

TEST RESULTS AND DISCUSSION 

A- Combustion Eff ic iency  

To 

When compared with pulver ized coal  f i r i n g ,  carbon l o s s e s  from a f l u i d -  
ized bed a r e  high a s  a r e s u l t  o f  t h e  r e l a t i v e l y  coarse  coa l  p a r t i c u l a t e s  
and low combustion temperature. Combustion e f f i c i e n c y  depends on t h e  
bed v e l o c i t y  and temperature ,  excess  a i r ,  and on t h e  coa l  charac te r -  
i s t i c s  (which have s i g n i f i c a n t  in f luence  on carbon l o s s e s ) .  Coal with 
high ash conten t  and l e s s  v o l a t i l e  mat te r  would have lower combustion 
e f f ic iency .  The fol lowing experimental da ta  from the  t e s t  r i g  demon- 
s t r a t e  t h a t  c.e. va lues  i n  burning d i f f e r e n t  c o a l s  may d i f f e r  g r e a t l y ,  
even when the  s u p e r f i c i a l  ve$oci ty ,  bed temperature ,  and excess  a i r  r a t e  
a r e  approximately the  same. 

V o l a t i l e  mat te rs  Ash 
on combustible on a n a l y t i c a l  Tota l  

b a s i s  b a s i s  carbon l o s s e s  

Bituminous coa l  35.48 31.40 3.77 

Lean coa l  17.50 39.04 10.67 

C o l l i e r y  wastage 48.09 76.50 7.95 

I f  a n t h r a c i t e  i s  burned, carbon l o s s e s  w i l l  be h igher  than the  above 
values .  
requi re  s i g n i f i c a n t l y  increased combustion e f f i c i e n c i e s .  

It is evident  t h a t  a p p l i c a t i o n  o f  FBC i n  u t i l i t y  b o i l e r s  w i l l  
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TWO approaches f o r  improving combustion e f f i c i e n c i e s  a r e :  us ing  a car-  
bon burnup bed (CBB) and f l y  a s h  r e i n j e c t i o n  i n t o  the  main f l u i d i z e d  
bed. 

The e f f e c t  o f  the  CBB w a s  examined us ing  the  463 x 324 mm r i g .  
t e s t s  showed t h a t  with t h e  use  of  a CBB (an e f f i c i e n c y  of  80 percent  was 
assumed f o r  the  cyclone dus t  c o l l e c t o r ) ,  combustion e f f i c i e n c i e s  may 
reach va lues  of 97.5-98.0 percent  when bituminous o r  l ean  coa ls  a r e  
burned. 

The 

The recyc l ing  o r  r e i n j e c t i n g  of e l u t r i a t e d  f i n e s  has  not  been t e s t e d ,  
but judging f r o m  the  l i t e r a t u r e  of o t h e r  c o u n t r i e s  and experiences i n  
a p p l i c a t i o n  o f  carbon r e c y c l i n g  i n  some FBB i n  China, we can say  t h a t  
p a r t i c u l a t e  recyc l ing  ( e s p e c i a l l y  f o r  c o a l s  with high v o l a t i l e  mat ter  
conten t )  i s  a l s o  an e f f e c t i v e  measure. 
e f f i c i e n c y  of a bituminous c o a l - f i r e d  combustor may a t t a i n  - 98 percent. 

When a CBB i s  used,  i n  order  t o  avoid high dus t  loading ,  the  gas  stream 
from t h e  CBB must be d i r e c t e d  t o  an i n d i v i d u a l  gas  f l u e .  Therefore ,  the 
CBB is  i n  essence a s e p a r a t e  f lu id ized-bed  b o i l e r ,  which opera tes  a t  
d i f f e r e n t  condi t ions  from t h e  main bed and needs i t s  own p a r t i c u l a t e  
removal system. In a d d i t i o n  t o  being a more complex system, the  r e l i a -  
ble  combined opera t ion  of a CBB with t h e  main f l u i d i z e d  bed i s  r a t h e r  
d i f f i c u l t  because of  the  i n e v i t a b l e  f l u c t u a t i o n  of coa l  c h a r a c t e r i s t i c s  
and t h e  main bed e x p l o i t a t i o n ;  t h e  recyc le  system i s  much s impler .  The 
main disadvantage of  r e c y c l i n g  t h e  dust  recovered f r o m  the  dus t  
c o l l e c t o r  i s  the  r e s u l t i n g  high d u s t  loading  of  t h e  gas stream. The 
eros ive  c h a r a c t e r i s t i c s  of  the  dus t  must be determined by opera t ing  a 
demonstration u n i t  over  an extended per iod of  time. 

I n  o u r  view, with regard t o  i n d u s t r i a l  FBB, the  carbon recyc l ing  system 
may be more d e s i r a b l e  i n  most cases .  Where l e s s  r e a c t i v e  coa l  such a s  
a n t h r a c i t e  is  burned and t h e  h igh  combustion e f f i c i e n c i e s  which a r e  
required f o r  a u t i l i t y  b o i l e r  a r e  pursued, t h e  CBB system may have t o  be 
used. 

For example, t h e  combustion 

The even d i s t r i b u t i o n  of coa l  over  the bed has proved t o  be of s i g n i f i -  
cance f o r  a t t a i n i n g  good combustion e f f i c i e n c y .  I t  has been reported 
t h a t  s a t i s f a c t o r y  coa l  d i a t r i b u t i o n  can be achieved i f  one feed poin t  i s  
provided f o r  every 0.84 m of bed a rea .  This  would r e s u l t  i n  near ly  
70 poin ts  f o r  a 130 t / h  u n i t .  In order  t o  meet the  above requirement, a 
pneumatic method of t r a n s p o r t i n g  crushed coa l  may be necessary. How- 
ever ,  f o r  l a r g e  FBB (e .g . ,  200 MW u n i t s )  the  feed l i n e s  and c o n t r o l  sys- 
tem would become very  complicated;  t h e r e f o r e ,  a method t o  improve the  
a rea  per  feed point  must be found i f  the  pneumatic feed system i s  t o  be 
s impl i f ied .  

For purposes of t h i s  t e s t  a pneumatic feed system was not considered,  
but  four  screw-type c o a l  f e e d e r s  were i n s t a l l e d  on t h e  f r o n t  wal l .  The 
a rea  o f  d i s t r i b u t i n g  p l a t e  f a r  t h e  24th FBB u n i t  was 8 m ; t h i s  provided 
one feed poin t  f o r  every 2 m bed area .  To promote even coa l  d i s t r i b u -  
t i o n ,  a coa l  spreading method was developed. 
method on the  24 t /h  FBB u n i t  o n l y  two f e e d e r s  were put  i n t o  opera t ion ,  

During the t e s t s  of t h i s  
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which temporar i ly  r a i sed  the  a r e a  pe r  feed  po in t  t o  4 m . 
demonstrated t h a t  when the  spreading device was used, combustion 
e f f i c i e n c i e s  were increased by 3.5-5.0 percent.  

Arrangement of Bed Heating Surface 

Ver t i ca l  immersed tubes  a r e  gene ra l ly  used f o r  small FBB. They a r e  
convenient f o r  maintenance, and a r e  more r e s i s t a n t  t o  ab ras ion  than 
ho r i zon ta l  tubes.  

For  l a r g e r  u n i t s ,  t o  a l low the  necessary su r face  area required to  be 
placed i n  the  bed, h o r i z o n t a l  o r  i n c l i n e d  buried tubes  (s taggered o r  
i n - l i ne )  a r e  gene ra l ly  adopted. It  i s  common knowledge t h a t  s o  f a r  as 
convection su r faces  are concerned, s taggered tubes  have higher  hea t  
t r a n s f e r  r a t e s  than tubes  arrayed in - l ine .  Given t h i s  information,  is 
i t  s t i l l  c o r r e c t  t o  use immersed tubes  i n  FBB? To answer t h i s  ques t ion ,  
spec ia l  comparison tests were c a r r i e d  out.  The r e s u l t s  showed t h a t ,  
owing t o  the  s p e c i f i c  n a t u r e  of the  in-bed hea t  t r a n s f e r ,  hea t  t r a n s f e r  
coe f f i c i en t s  f o r  the i n - l i n e  a r r a y  of tubes  f u l l y  compared with those  
f o r  s taggered tubes.  

I n i t i a l l y ,  t he  immersed tubes  of t he  24 t / h  u n i t  were s taggered.  
the  u n i t  was put  i n t o  ope ra t ion ,  i t  was immediately discovered t h a t  
excessive pu l sa t ions  occurred and the  e ros ion  r a t e s  o f  t he  staggered 
inc l ined  tubes  and t h e  f i r e  b r i c k  wa l l s  were high. 

On the  b a s i s  of the  above tes t s ,  i t  was decided t o  change the  s taggered 
tubes i n t o  i n - l i n e  a r r ay .  After t h e  modif icat ion t h e  steam output  was 
maintained, the  f l u i d i z i n g  q u a l i t y  became normal, and the  abrasion rates 
were reduced. 

It was 

B. 

When 

C. Immersed Superheater  

An i n d u s t r i a l  FBB can be designed with only an  evapora t ing  su r face  i n  
the bed; t h i s  appears  adequate t o  absorb the  r equ i r ed  amount of  hea t  
from the bed. I n  c o n t r a s t ,  a c e r t a i n  po r t ion  of t he  superheat ing o r  
r ehea t ing  su r face  of a u t i l i t y  b o i l e r  must be placed i n  t h e  bed i n  addi- 
t i on  t o  the  generat ing immersed su r face .  It seems u s e f u l  t o  examine 
some problems of t he  buried superheater .  

Because ofnthe,high hea t  t r a n s f e r  t o  immersed tubes  ( g e n e r a l l y  220- 
250 kcal/m 'h' C ) ,  i t  is  o f  g r e a t  importance t o  f i n d  ou t  whether t he  
wal l  temperatures of buried supe rhea te r  tubes  w i l l  exceed the  l i m i t s .  To 
t h i s  end, t he  c h a r a c t e r  of t he  hea t  f l u x  d i s t r i b u t i o n  along t h e  pe r i -  
phery of an immersed tube  must be determined. Spec ia l  t e s t s  showed t h a t  
t h i s  d i s t r i b u t i o n  was uneven, and s u r p r i s i n g l y ,  t he  h ighes t  hea t  f l u x  
poin t  was found a t  the  upper p a r t  of a h o r i z o n t a l  buried tube (Fig- 
ure  2).  
cen t  ( i n  some cases even more), which means t h e r e  e x i s t s  an i n t e n s e  
c i r c u l a t i n g  flow o f  p a r t i c u l a t e s  w i th in  t h e  "cap area" above the  
immersed tube. Figure 3 i l l u s t r a t e s  t he  approximate manner of 
p a r t i c u l a t e  c i r c u l a t i o n .  

The maximum h e a t  f l u x  exceeded the  average value by 15-30 per- 
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642 x 5.5, 12 Cr/MoV s t e e l  tubes were used f o r  t h e  experimental sub- 
merged superheater .  
steam temperature - 420 C. 
f ace  of the  lower p a r t  of  two buried superhea ter  tubes. No thermocouple 
was placed on ? upper p a r t  of the  tubes ,  because it was thought t h a t  
the  maximum hea t  f l u x  a r e a  must be a t  the  lower h a l f  per iphery ;  thus ,  
the  maximum tube wal l  temperature  was n o t  mepure$. The temperatures  
taken from the lower h a l f  per iphery were 530 -550 c -  It was c l e a r  t h a t  
the  w a l l  temperature  a t  t h e  top of the  tubes  must have been higher .  
Af te r  about 3 months of opera t ion ,  a metal lographic  examination was made 
of t h e  tube. It was found t h a t  grade 3 s p h e r i o d i z a t i o n  had taken place 
a t  the  top of the,tube, which meant t h a t  a l though the steam temperature 
was a s  low a s  420 C ,  us ing  t h e  12Cr/MoV s t e e l  tube was not  sa fe .  
appears  t h a t  the tube wal l  temperature must be considered c a r e f u l l y  and 
h igh-qual i ty  hea t  r e s i s t a n t  a l l o y  s t e e l  w i l l  have t o  be used when 
superhea t ing  or  rehea t ing  s u r f a c e s  need t o  be placed i n  t h e  bed. 

The p r o t e c t i o n  of t h e  immersed superhea ter  during s t a r t - u p  and bed 
slumping was a l s o  of cons iderable  concern. A s  opera t ing  experience had 
proved, the  buried superhea t ing  tube temperature  would n o t  exceed the 
allowed value during s t a r t - u p  and slumping, provided the sur face  was 
arranged proper ly  and p a r t i a l  bed s t a r t - u p  sequence ( a  p o r t i o n  of  the  
bed where the  immersed superhea ter  is l o c a t e d ,  l i t  up only a f t e r  an 
adequate steam flow is  e s t a b l i s h e d )  was adopted. 
be shut  down and the  bed slumped, the immersed superhea ter  would be 
safe .  The immersed superhea ter  was arranged above t h e  slumped bed and 
i t s o w a l l  temperatures ,  measured during slumping, were a l l  lower than 
570 C. The temperatures  measured p the  space between t h e  superhea ter  
and slumped bed did not  exceed 600 C. 

The temperature  d i s t r i b u t i o n  over  the  bed was r e l a t i v e l y  even, and the  
devia t ion  i n  hea t  absorp t ion  among the i n d i v i d u a l  tubes was not g r e a t .  
Generally speaking,  t h e  d e v i a t i o n  c o e f f i c i e n t  is  about 1 . 1 ,  provided the  
sur face  is a p p r o p r i a t e l y  designed. The temperature  g r a d i e n t  a long the  
feeder  a x i s  may be somewhat g r e a t e r ;  t h e r e f o r e ,  t h e  tubes  o f  an immersed 
superheater  would p r e f e r a b l y  be or ien ted  i n  p a r a l l e l  with t h e  feeder  
a x i s  ( a s  shown i n  F igure  1 ) .  I f  bed temperature  unevenness along t h e  
feeder  a x i s  is s i g n i f i c a n t  and the superhea ter  tubes a r e  a t  r i g h t  angles  
to  t h e  feeder  a x i s ,  h igher  d e v i a t i o n  c o e f f i c i e n t s  o f  1.20-1.26 may be 
reached, depending on the bed temperature g r a d i e n t .  

Thg steam v e l o c i t y  was .. 35 m / S  and the mean e x i t  
Thermocouples were placed on the o u t e r  sur- 

It 

When t h e  b o i l e r  was t o  

D. Erosion of  Immersed Tubes 

A t  p resent ,  r a t h e r  coarse  coa l  p a r t i c u l a t e s  a r e  g e n e r a l l y  used i n  China. 
Consequently, high f l u i d i z i n g  v e l o c i t y  has been adopted. Many years  of 
opera t iona l  p r a c t i c e  has shown t h a t  i n  most cases  the abras ion  of 
inc l ined  buried tubes  i s  very severe .  
s t e e l )  with a th ickness  of 3 rnm may wear out  a f t e r  only - 4000 hours of 
operat ion.  The most s e r i o u s  abras ion  u s u a l l y  occurs  i n  the  f i rs t  
(lower) r o w  of i n c l i n e d  buried tube sur faces .  Along the  i n c l i n e d  tubes 
c e r t a i n  more s e v e r e l y  abraded s e c t i o n s  can be observed. The abras ion  
r a t e  is very uneven along the  tube per iphery.  Figure 4 i l l u s t r a t e s  the  
severe abras ion  o f  a 20-carbon s t e e l  tube with a th ickness  o f  6.25 mm 
(no a n t i a b r a s i v e  t reatment  used)  a f t e r  8682 hours  of opera t ion .  

For example, tubes  (20 carbon 

The 
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abrasion r a t e  a t  t h e  bottom of the  tube is three  times a s  high as t h a t  
a t  the top. 
were t r i e d ,  and some of them have showed e f f e c t .  However, when 
r e l a t i v e l y  hard c o a l s  a r e  burned these  measures can only  extend tube 
l i f e  to  a c e r t a i n  degree,  t h e r e f o r e  the  abras ion  problem cannot be 
regarded as solved. Ligni te - f i red ,  f luidized-bed b o i l e r s  may be the  
Only exception. The e ros ion  r a t e  of  t h e i r  immersed tubes  is n o t  high,  
owing t o  the  s o f t n e s s  and l i g h t  weight of  the  l i g n i t e .  

I t  seems t o  u s  t h a t  l o w  f l u i d i z i n g  v e l o c i t y  should be accepted as t h e  
primary measure f o r  extending t h e  l i f e  of immersed tubes ,  with 
addi t iona l  a n t i a b r a s i v e  t reatment  when necessary. This  may be the f i n a l  
s o l u t i o n  t o  the  e ros ion  problem. 
low f l u i d i z i n g  v e l o c i t y  may o f f e r  o t h e r  b e n e f i t s  such a s  h igher  
combustion e f f i c i e n c y ,  b e t t e r  SO2 absorp t ion  (when l imestone o r  dolomite 
i s  added t o  beds where h igh-su l fur  coa l  i s  burned) ,  and the  p o s s i b i l i t y  
of using shallow beds t o  reduce the  amount of  blower power required.  I n  
order  t o  l e s s e n  the  abras ion  r a t e ,  t h e  immersed tubes should be 
reasonably arranged t o  avoid excessive p u l s a t i o n s  and gas  flow 
imbalances i n  the  bed. 

Several  types of a n t i a b r a s i v e  t rea tments  f o r  immersed tubes 

Besides t h e  diminished tube abras ion ,  

E. S ta r t -up  of  F lu id ized  Bed 

The process  of s t a r t - u p  i s ,  i n  essence,  t o  hea t  the  bed m a t e r i a l  t o  a 
temperature high enough f o r  s t a b l e  combustion of coal .  It seems very 
simple, bu t  when b o i l e r  s e r v i c e  is i n i t i a t e d  o p e r a t o r s  o f t e n  run i n t o  
t rouble .  

"Fixed s t a t e "  s t a r t - u p  i s  a method adopted i n  the  i n i t i a l  per iod of FBB 
development i n  China. In  t h i s  process ,  t h e  bed remains f ixed  a t  the  
beginning of s ta r t -up .  When the bed m a t e r i a l  has  been heated t o  the  
appropr ia te  degree,  t h e  bed i s  tranformed from a f ixed  t o  a f l u i d i z e d  
s t a t e  and cont inues t o  be heated t o  the requi red  temperature. During 
the  s t a r t - u p  process ,  c l i n k e r i n g  o r  flame f a i l u r e  may e a s i l y  take place 
i f  the hea t  balance is not  proper ly  c o n t r o l l e d .  
a g r e a t  e x t e n t  on the  o p e r a t o r ' s  experience,  so  i t  is not  completely 
r e l i a b l e .  Furthermore, the  time required f o r  s t a r t i n g  up is  r a t h e r  
long. 

Through the  search f o r  a b e t t e r  method, t h e  s o  c a l l e d  " f l u i d i z e d  s t a t e "  
s t a r t - u p  technology has  been developed. The major f e a t u r e  of  t h i s  
process i s  t h a t  the bed is brought t o  f l u i d i z a t i o n  a t  t h e  very beginning 
of s ta r t -up .  The f l u i d i z e d  bed is heated up by an o i l  burner ;  the  
heat ing is uniform and steady. 
4 mz can be heated from ambient temperature t o  900 -1000 C. 
quicker  than the  " f ixed  s t a t e "  method, and o i l  consumption can thus be 
reduced. Figure 5 shows a t y p i c a l  bed s t a r t - u p  curve i n  which the 
" f lu id ized  s t a t e "  method was used. 

Explo i ta t ion  depends t o  

I n  10-20 minutes ,  8 bed Bi th  an a r e a  of 
It i s  much 

CONCLUSION 

The main reason f o r  developing f luidized-bed b o i l e r s  i n  China is to  burn 
high-ash coa l  of  low c a l o r i f i c  va lue ,  and t h u s  broaden the  scope of energy 
resources .  This appears  t o  be e s p e c i a l l y  important  i n  the southern pro- 
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vinces .  P r a c t i c e  over a number o f  years  has  ind ica ted  t h a t  FBB a r e  
promising, a t  l e a s t  f o r  i n d u s t r i a l  b o i l e r s  and small  e l e c t r i c i t y  genera t ing  
u n i t s  i n  China. The a p p l i c a t i o n  of  FBB t o  u t i l i t y  power p l a n t s ,  however, 
depends on f u t u r e  development, economic f a c t o r s ,  and the success  of 
in te rmedia te  demonstration u n i t s .  

There is no doubt t h a t  many a r e a s  s t i l l  need f u r t h e r  i n v e s t i g a t i o n  and t h a t  
equipment could be improved, b u t  we a r e  convinced t h a t  a good s t a r t  has 
a l ready  been made. Dong-fang B o i l e r  Works now produces commercial FBB with 
steam capac i ty  of up t o  35 t / h .  
e r a t i o n .  

Units  of g r e a t e r  capac i ty  a r e  under consid- 

f i g .  f - 24 fluidized Bed Boi ler  ( m o d i f i e d )  

5 : vm: 51 3 : 4 
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